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ABSTRACT
The aim of this work is to evaluate the mechanical strength of a co-polymer of
2-hydroxyethylmethacrylate (HEMA) and methylmethacrylate (MMA), so that it can be
applied as an interfacial layer between bone cement and steel implants to improve their
performance and life. Finite element (FE) analysis techniques are used to assess the
behavior of the interface layer under static and dynamic loading conditions. The material
property of the co-polymer is a function of its composition and water saturation.
The factors affecting the strength of the bone-implant interface are many. Implant
interfacial fracture can lead to decreased stability. Fatigue life is a very important
process in failure.
The results obtained from static and dynamic analyses show that increasing the
percentage of HEMA improves the strength of the interface by reducing the stiffness of
the implant, absorbing more energy and by reducing the interfacial stress peaks and
making the stress distribution more nearly uniform.
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CHAPTER ONE: INTRODUCTION
The primary function of the bone-implant interface is to provide safe and effective
load transfer from the prosthesis to the bone. In the 1960s, Sir John Charnley developed
the total hip replacement consisting of a stainless steel femoral head articulating with a
polyethylene

acetabular

implant,

both

secured

to

supporting

bone

by

polyethylenemethacrylate (PMMA) cement. Success rates have increased, for total hip
arthroplasty, after 40 years of design and development.

However, the life span of

cemented total hip arthroplasty is limited, among other things, by the long-term
mechanical properties of PMMA. There are significant loosening rates of cemented
implants, especially in younger active persons.

After extensive research and

development, a lot of attention is being focused on the bone-implant interface. The
stability of the implant depends on its strength. Material properties of the implant play a
critical role in the life and strength of the bone-implant interface.
In this study a co-polymer of 2-hydroxyethylmethacrylate (HEMA) and
methylmethacrylate (MMA) is under investigation. A study by Raab, Ahmed and Provan
(1982) showed that the potential exists for all component materials of the implant to
interact in such a way as to provide strong interfaces by the development of a thin film
PMMA implant precoating.

This concept is defined as “specific adhesion” at the

interface, instead of a mechanical interlock between the hardened cement and
1

microscopic and macroscopic surface irregularities, defined as “mechanical adhesion”.
Such a specific adhesion has the potential to improve the bone-implant interface
performance.
It is believed that by application of a thin layer of HEMA+MMA co-polymer to
the interface of implant-bone cement and increasing the percentage of HEMA can help
eliminate one of the major causes of implant failure, namely loosening. This benefit is
expected under both dry and water saturated (wet) conditions. The following pages detail
the finite element modeling, validation, analysis and results of a test specimen under
static and dynamic loads to assess the behavior and strength of this co-polymer layer.

1.1

Problems With Artificial Joints

Significant materials problems make joint implants less than 100 percent
satisfactory. The total hip joint is the most common artificial joint in man. However, the
extent of loading, the severity of the chemical environment and the complexity of the
joint function, make the hip implant one of the most difficult implants to design and
achieve long-term fixation. Many factors can combine to produce problems that may
necessitate the removal of artificial joints, including wear, corrosion, inflammation, loss
of bone substance (osteolysis), mobility, and most importantly failure of the bone-implant
interface. Testing of the bone-implant interface reveals that artificial hip joints can only
approximate the lower limit of the load-carrying capacity of the natural hip joint for

2

elderly patients. Fatigue failure is a major cause of failure of the implant and one of the
most traumatic for the patient (Hench, Ethridge 1982). Fatigue life is defined as the
number of cycles needed to cause failure at a fixed cyclic stress. Therefore cyclic loading
that occurs during walking or running can cause fatigue failure at loads much less than
those required with a single static load. Of three fractured hip prostheses examined by
Ducheyne et al. (1975), two failed by fatigue.
Many problems with artificial joints are related to loosening of the implants.
Corrosion and fretting lead to generation of particles that may cause aseptic loosening
and weakening of the bone-implant interface. Several factors cause implant loosening,
some of which can be traced to the method used to provide mechanical stability of the
bone-implant interface, i.e. use of bone cement (PMMA). The most common procedure
for securing total joint components in bone uses PMMA as bone cement. However,
PMMA cannot support large tensile loads. Its fatigue properties are also poor, which is
related to the failure of the implant at both the bone-bone cement interface as well as at
the bone cement-steel interface. In some studies it has been found that the metal part of
the femoral component was detached from the PMMA. The PMMA had been fractured
in various locations. In particular, Weber and Charnley (1975) examined this otherwise
overlooked fracture of PMMA around the interface using radiopaque cement. A very
high percentage showed fractures in the PMMA at the steel - bone cement interface,
which had occurred within the first year.

3

1.2

Need For Study

From the foregoing, it is clear that the strength of the bone-implant interface is
critical and that an alternate method of fixation is required if the life of implants is to be
extended. As mentioned before, specific adhesion has the potential for increasing the
strength of the interface. Loosening and fracture of the implant can occur by cement
fracture and shear failure of the bone-PMMA or PMMA-steel interfaces. It is evident
that stress patterns that resulting from the joint-loading forces will play an important role
in the loosening phenomenon.

1.3

Objective

In earlier studies; Aggarwal (2001), and Balasubramaniam (2003); test specimens
have been developed and subjected to both static and dynamic loads. The effect of
increasing the HEMA percentage on the specimen was observed under both dry and wet
conditions. It was concluded that increasing the HEMA percentage has the potential of
absorbing energy providing direct indication of its usefulness at the
bone-implant interface.
The finite element method is a widely used tool to determine the stresses, failure
and life of both mechanical and biomechanical components. In the present study, finite
element analysis techniques are used to predict stress, strain, deflection, stiffness, energy
absorbed, and life of a thin co-polymer layer at the steel-bone cement interface, as a
4

function of it’s composition and water saturation, under static and dynamic loads. In
addition to the above, calculations are performed with the same test specimens, without
the HEMA+MMA co-polymer, but with PMMA present at the steel-bone cement
interface.

This provides an excellent method of comparing the existing method of

implant fixation, using PMMA, with a possibility of using HEMA+MMA co-polymer
and of assessing how it affects the strength of the bone-implant interface.

The

progressive failure of the interface layer is also simulated for dynamic loads.
The first step is to develop FE models (meshes) for both static and dynamic
conditions. The second step is to apply correct boundary conditions and constraints to
the model. As will be explained later, this should be done such that no extraneous loads
are applied to the model and such that it simulates the true effect of the loads at the
interface. The first and the second steps are referred to as pre-processing. The third step
is the validation of the FE model using hand calculations and experimental data. The last
step is the analysis and post-processing of results. Table 1 identifies the FEA codes used
for the study.

Table 1: FEA codes used for this study
Analysis Type

Pre-Processor

Analyzer

Post-Processor

Static

MSC/PATRAN

MSC/NASTRAN

MSC/PATRAN

Dynamic

FEM-B

LSDYNA 3D

LS-POST

5

1.4

Contributions

The thesis will report the following contributions:
1. The FE models show a low percentage error when validated using hand
calculations.
2. The FE models show trends similar to those of the experimental results under
static and dynamic loads.
3. Energy absorbed increases for wet co-polymer with an increase in HEMA and
decreases for dry co-polymer as HEMA increases.
4. Stiffness of the structure sample decreases for wet co-polymer with an increase in
HEMA and increases for dry co-polymer as HEMA increases.
5. Deflections and strain at the interface increase for wet co-polymer and decreases
for dry co-polymer with an increase in HEMA.
6. Effective and shear stresses at the interface decrease for wet co-polymer and
increase for dry co-polymer with an increase in HEMA.
7. Peak effective stress decreases for wet co-polymer compared to dry co-polymer
and more nearly uniform along the length of the interface.
8. The number of cycles to failure increases for wet co-polymer and decreases for
dry co-polymer with an increase in HEMA.
9. The life of wet co-polymer increases and values obtained should be higher for dry
co-polymer as HEMA percentage increases.

6

CHAPTER TWO: BACKGROUND AND LITERATURE
Total hip arthroplasty (THA) represents the greatest single advance in modern
orthopaedic surgery.

Nevertheless, problems remain in enhancing the long-term

durability of prosthetic joints. This Chapter summarizes the development of total hip
replacement, problems with fixation and the use of finite elements in the development of
implants.

2.1

Total Hip Arthroplasty

The Charnley THA was first performed in 1969. Over the subsequent decade,
approximately 800 to 1300 THAs were performed each year (Berry, Hamsen 1998). The
femoral component was a Charnley flatback, polished, stainless steel femoral component
implanted with hand-packed radiodense methylmethacrylate bone cement
The following paragraph talks about the development of the cemented prosthesis.
The prosthesis shapes used were curved, straight-narrow and Charnley Cobra. Between
1970 and 1975 the original Charnley prosthesis, manufactured from cast stainless steel,
was used. Charnley involved a 22 mm diameter femoral ball, a neck-shaft angle of 128
degrees and a smooth shiny prosthesis. Between 1975 and 1980, the Steel and Titanium
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Hip (STH), manufactured from titanium alloy (Ti6Al-4V) was used. The STH involved a
28mm diameter ball with a neck-shaft angle of 134 degrees and had a dull prosthesis
surface finish. Between 1980 and 1993, the STH-2 was used. The STH-2 was also made
of titanium with a 28mm diameter femoral ball. However, the STH-2 came in different
sizes to better match individual femurs. The outer diameter of the acetabular cups in all
the three cases was 50 mm, the only change being in the inner diameter to accommodate
the different ball sizes.

Acetabular fixation was done using acrylic cement.

The

implantation of the Charnley was performed with hand packed radiodense
methylmethacrylate bone cement. For the STH and STH-2, the cement was injected
retrograde into the femoral canal prior to prosthesis insertion. After the first fifty STH-2
femoral implants, a cement plug was used. In addition to the above, Zimmer Trapezoidal
28 (T-28 and TR-28) were also introduced which had optimized head-neck geometry.
Also introduced was the St. Georg/Mark I and Mark II hip prosthesis. The design
featured a long prosthesis and a large head. The head was 38 mm in diameter with 135
degrees. Figure 1 shows the various types of implants developed and used.
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Figure 1: Different types of hip implants

Cementless techniques have also been developed. They often rely on porosity to
promote mechanical interlocking by means of ingrowth. The performance of cemented
versus cementless implants has recently been discussed extensively. The excellent long
term results of the cemented prosthesis suggests that their complete abandonment is
premature. The issue of which prosthesis to use for which patient is a complicated one,
and the training of the surgeon in cementing techniques as well as cost must be taken into
account along with the long term results. In particular, the durability of hip arthroplasty
is much greater in the older patient than in the younger patient, with very few older
patients requiring revision over the first 15 years after surgery. Figure 2 shows the
picture of an implant embedded in the hip.

9

Prosthesis
PMMA
Bone

Figure 2: Cemented total hip replacement (THR)

2.2

Bone Cement

As previously discussed, the most common procedure for securing total joint
components in bone is with bone cement, of which PMMA is widely used. Histological
evaluation of PMMA packed into the medullary cavity of canines (Slooff, 1971) showed
a partial necrosis and bone apposition (growth of successive layers of a cell wall). The
acrylic cement is compacted into a reamed surgical cavity in unpolymerized dough like
form. Accelerators mixed with the MMA monomer aid in rapidly forming a rigid mass
10

(curing). However, acrylic cement is only a grout, it has minimal adhesive properties.
Accordingly, attachment requires undercuts, holes or furrows in the implant. When the
PMMA cures, it mechanically interlocks with the roughened bone surface and the
prosthesis. Also, Cohen and Latta (1977) examined the question of how well a new batch
of PMMA will bond to a previously cured batch of PMMA, incase a reoperation is
needed, and no issues were found.
PMMA has several drawbacks. First, it is weak in tension and shear, and second,
it poses some toxic risks. Toxicity is manifest by the layer of foreign body giant cells
which surrounds the cement and which ultimately causes local bone resorption.
However, the worst problem with bone cement is the deterioration of the polymer-bone
or polymer-metal interface with time, leading to mechanical instability at the boneimplant interface (Hench, Ethridge 1982).

2.3

Finite Elements In Biomechanics

Finite element analysis (FEA) is increasingly employed for orthopaedic problems.
Orthopaedists and engineers are frequent collaborators in research and development of
total joint replacements. The finite element method (FEM) offers the best detailed
analysis of as irregular a structure as the hip implant. Biological as well as certain
metallurgical and material property aspects of implants must be recognized.
Biocompatibility, stiffness, ultimate strength, failure modes, wear properties and fatigue
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characteristics are important considerations while designing hip implants. It has been
found that stress levels can influence bone remodeling, healing and resorption (Rybicki,
1982). This indicates the importance of knowledge of the stress behavior of orthopaedic
implants and of supporting bone tissue in understanding their success or failure.
The process of determining stresses is by two-fold: experimental and analytical.
The most popular analytical method is FEA.

Some of the early contributors to

mechanics, such as Thomas Young (1773-1829), were also physicians. However only
recently has mechanics contributed to orthopaedics. The first recorded application was
Meyer (1867) who performed a stress analysis of the upper portion of the human femur.
This work was later extended, first by Wolff (1870), and later by Koch (1917) who was
both an engineer and a physician. FEM is a natural extension of previous work in
mechanics, the main distinction being that it uses automated computation, which permits
handling complicated geometries, loading conditions and material properties.
In orthopaedics, FEA is most commonly used for stress analysis of healthy bones,
fixation and prosthetic devices, reconstructive surgery and failed implants. The best
results can be achieved by using a coordinated computational and experimental approach.
The advantages of using both outweigh those of using just one approach. The degree of
confidence is high since the two approaches validate each other, enabling results
extrapolated to other conditions.
The hip prosthesis has received the most attention through FEM. In such studies
the finite element method has proven to be a valuable tool for evaluating the effects of
different factors on the stresses in the hip prostheses. McNeice (1974) investigated
12

stresses in the femur due to a hip arthroplasty. Bartel and Ulsoy (1975) investigated the
effect of implant length and stiffness on the stresses of bone prosthesis. Andriacchi,
Galante, and Belytschko (1976) have evaluated stresses in the prosthesis of a THR
device. The most important contribution of FEM to orthopaedic implants may well be
tailoring of such devices to meet individual needs, thus increasing the stability of the
implant and improving its strength.

2.4

Literature Survey

Development of the hip prosthesis illustrates dramatically the progressive efforts
to achieve interfacial stability (fixation) at the bone-implant interface. Femoral head
replacement was pioneered by Judet, but loosening of the device led to its disuse. In
order to stabilize the femoral head replacement, Moore extended the femoral shaft and
changed the neck design. However, the concentration of stresses at the interface between
metal-PMMA resulted in bone resorption and eventual loosening (Hench, Ethridge 1982).
Assuming correct surgical procedure, no infection, proper design and negligible
corrosion, the most likely causes of problems are:
1. Mismatch of elastic modulus at the bone-implant interface.
2. Formation of fibrous tissue around the implant, which results in loosening.
3. Restriction of vascular syprosthesis preventing nutrition, causing necrosis and loss
of strength at the interface.
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Aseptic loosening of artificial joints fixed with acrylic bone cement is a major
complication in orthopaedic implant surgery (Slooff et al., 1976). Prosthetic loosening is
defined as abnormal, symptomatic mobility at the bone-implant interface. Fixation of
implants can be described as primary and secondary. Primary fixation is achieved by the
surgeon by use of cement. Secondary fixation occurs as a result of bone remodeling. In
this stage, interposition of a very thin fibrous tissue occurs at the interface and stabilizes
the prosthesis and limits prosthesis-bone contact. The two stages of fixation are followed
by a stage of functional equilibrium, where the bone is subjected to normal stresses with
no resorption due to lack of use or necrosis due to excessive stresses. Wear occurs but is
not pronounced. The next stage is osteolysis of the bone surrounding the prosthesis. As
this stage progresses, micro-motion develops at the interface, corresponding to
progressive loosening of the prosthesis. The mobility is microscopic but appears as a
radiolucent layer on plain films. Figure 3 shows x-ray of different types of embedded
THRs in patients of different ages (THA Outcomes, 1998).
a. Twenty-one-year follow up radiograph of STH prosthesis with bilateral
necrosis who was 21 years old at the time of surgery.
b. Fifteen-year follow up radiograph of STH2 prosthesis in an osteoarthritic
man who was 60 years old at time of surgery.
c. Twenty-five-year follow up radiograph of a Charnley prosthesis in an
osteoarthritic man who was 39 years old at time of surgery.
d. Twenty-four year follow up radiograph of a Charnley-Cobra prosthesis in an
osteoarthritic man who was 55 years old at time of surgery.
14

a
b

c

d

Figure 3: Radiographs of follow-up of THAs in various patients

A thorough statistical study of the cause of THR failures conducted at the Mayo
Clinic (Berry, Hamsen 1998) which involved follow up examination of 2684 patients
(with 3204 THAs) over a 2-5 year period showed that 3.9 percent of these operations
required reoperation. The most frequent causes of failure were infection (1.19 percent),
dislocation (0.74 percent) and femoral component loosening (0.32 percent). Problems
related to implant failure and loosening, which lead to implant removal, are heavily
influenced by engineering considerations and have received much attention.
Metallurgical failure analysis has indicated that the fractures usually propagate by fatigue
or a corrosion-fatigue process. Recent radiographic studies have suggested that one of

15

the first visible signs of loosening is a radiolucent line at the proximal-lateral aspect of
the prosthesis-PMMA interface.
The Charnley THA used the PMMA cement along with a generally excellent wear
resistance of the metal on metal and metal UHMW designs (Total Hip Arthroplasty
Outcomes; 1998).

Nevertheless, failures did occur and considerable attention was

focused on fracture of the cement layer as the initial step in mechanical loosening of the
prosthesis, with a combination of processes generally referred to as “cement disease”
(Finerman, Dorey, Grigoris and McKellop; 1998).

Porous coated implants were

introduced during the late 1970s as a potential solution to the perceived problem of
cement disease. Initially these implants were used in conjunction with PMMA, with the
porous coating providing an improved bond between the prosthesis and the cement.
However, porous coatings were thereafter used without PMMA, furnishing direct
biological fixation by means of bone ingrowth. It was initially thought, because of early
success in bone-ingrowth fixation, that properly designed porous coated implants would
soon replace cement fixation. However, the porous coated implant prosthesis have yet to
surpass the long-term performance of the cemented prosthesis, at least in the elderly and
relative inactive patients, and particularly for the femoral component (THA outcomes;
1998).
FEM studies conducted by Huiskes, Slooff, Elangovan and Banens (1977) show
that stress concentrations in prosthesis, cement, or bone will likely occur near the tip,
which is the narrow end of the prosthesis. These stress concentrations become even more
pronounced if the cement material is made stiffer. Shear stresses at the interface may
16

give rise to interface loosening. They also concluded that it is advantageous to use a
material at the interface with low values of Young’s modulus.
Non-linear FE studies conducted by Rohlmann and Bergmann (1982) concluded
that the using an implant material having the same modulus as bone is disadvantageous.
Also studies conducted by McNeice, Eng and Amstutz (1975) have shown that once the
loosening occurs, the effective stiffness of the bone preventing bending of the metal
prosthesis is lost, leading to an increase in stresses by a factor of three. Stresses in the
prosthesis can easily reach the fatigue endurance limit and on occasion exceed the yield
stress. Further analysis of the cement-prosthesis debonding, by Huiskes and Verdonschot
(1997), shows that the debonding process elevates the initial stress levels at the prosthesis
– cement interface and accelerates the failure process, and creates a pathway for debris at
the prosthesis-cement interface, particularly when the support to the cement mantle is
reduced. Figure 4 shows the location of high peak stresses developed in the implant. The
maximum stress was found to be at points A and B, the neck and the tip, respectively, of
the implant.
In a study conducted by Davies and Harris (1993) on the strength of the PMMAmetal interface in fatigue shows that pre-coating the metal with a thin film of PMMA
significantly increases the number of fatigue loading cycles required for failure compared
to a smooth, uncoated surface.

This study shows that failure of the PMMA-metal

interface may be one of the major causes of aseptic loosening of the femoral component
in THA. In a 10 year follow-up study of 231 THAs, it was postulated that upto 25
percent of the failures may have been attributed to loose prosthesis – cement interface
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(Davies and Harris, 1993). Clinically, the cement-metal interface is subjected primarily
to cyclical loading.
Few studies have examined the fatigue properties of the cement- metal interface.
Nakhla and King (1985) have performed a 3-D human gait analysis. Experimental data
was collected as well as 3-D gait model was developed and results show the loads
encountered during a walk cycle have the potential of being used as a fatigue load to the
hip implant study.

Therefore, increasing the fatigue strength of the PMMA-metal

interface may increase the long-term stability of THA.

A

C

B

Figure 4: Location of peak stresses for THR
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2.5

Polymers

Polymers are long-chain, high-molecular-weight materials composed of repeating
units termed monomers. The backbone of most chains is composed of carbon-to-carbon
bonds. Combinations of most of the polymer backbones can be synthesized and are
termed co-polymers. Since variable percentages of two or more types of monomers are
possible, the range of polymer composition that may be tailored for implant applications
is enormous.

Biomedical polymers can be classified into elastomers and plastics.

Plastics are further classified into thermoplastics and thermosets. Thermoplastics, on
reheating, can be melted, reshaped or reformed. Several thermoplastic materials have
found use as implant materials, one of them being PMMA.
The material being evaluated in this study is a co-polymer of
methylmethacrylate (MMA) and 2-hydroxyethylmethacrylate (HEMA).

HEMA is a

bioactive material, which is approved by the Food and Drug Administration. A test
specimen is developed and is shown in Figure 8. The steel rod is pre-coated with HEMA
which becomes an interface layer between the bone cement and the steel rod. This
material has an extra hydroxyl group attached to it, which can absorb water because of its
hydrophilic nature. Figure 5 shows the chemical reaction forming the co-polymer.
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Methylmethacrylate (MMA)
CH3
H2C

C

CH3 COOCH CH OH
2
2

COOCH3
BPO

CH3
H2C

C

m

n

CH3 COOCH3

COOCH2CH2OH

Co-Polymer

2-hydroxyethylmethacrylate (HEMA)

Figure 5: Chemical composition of MMA and HEMA co-polymer
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CHAPTER THREE: METHODOLOGY
This Chapter details the finite element models developed, experimental results
conducted by Aggarwal (2001) and Balasubramaniam (2003) and the validation of the
finite element models.

3.1

Material Properties

Material properties of the co-polymer were found by Sanjay Aggarwal (2001) for
different percentages of HEMA. “Dog bone” specimens were cut out of plates and were
tested under uni-axial tensile loading on a SATEC universal testing machine (UTM).
Figure 6 shows a dog bone specimen ready for testing. Load cell with a maximum
capacity of 5000N and a LVDT type KSM extensometer were used. The speed of the
machine was kept constant at 0.35 in/min. The test was conducted under ASTM standard
D 638-98.
The density of the co-polymer was determined by cutting out rectangular shaped
specimens from the plates created of various HEMA percentages, for both dry and wet
samples.

The weight and volume for each of the samples was computed from

measurements and the density determined.
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Properties of the steel rod were determined from www.matweb.com.

The

properties of bone cement were determined from the “Introduction to Polymers” by
Young R.J. and Lovell P.A., 1992.

Figure 6: Material testing on SATEC UTM

Tests were conducted for both dry and wet samples. The latter was immersed in a
saline solution (0.85 percent NaCl) for 54 days, which was found to be the time the
samples to achieve saturation. Three tests were performed for each specimen and the
average material properties were used. Load-deflection curve obtained from the test was
converted to a stress-strain curve, to be input in to FE codes, using the gage length and
specimen area. Figure 7 shows the stress-strain curve for 20 percent wet sample. Table 2
shows that failure strain value for different HEMA percentages.
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Stress (PSI)

20% Wet - Bulk Sample
4500
4000
3500
3000
2500
2000
1500
1000
500
0
0.000

0.005

0.010

0.015

0.020

0.025

0.030

Strain (IN/IN)

Figure 7: Stress-strain curve for 20 percent wet HEMA

Table 2: Failure strain vs. HEMA percentage
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0.035

3.2

Experimental Testing

Once the above material properties were measured, static and dynamic
experimental tests were conducted on a structure sample. This structure sample was
developed for both static and dynamic analyses. It consists of two steel rods pre-coated
with a thin layer of co-polymer. The design was inspired by the Tire Cord Adhesion Test
introduced by the author’s advisor in 1975. Two sets of samples were made, dry and wet.
Bone cement was then filled around the steel and HEMA layer, as shown in Figure 8.

Co-polymer

Steel

Bone Cement
Figure 8: Test Specimen

24

3.2.1 Experimental Testing – Static Load

Structure sample shown in Figure 8 was pulled in uni-axial tension on a UTM.
Tests were conduced for HEMA concentrations of 0 to 60, by Aggarwal (2001). Half the
samples were soaked in saline solution to get the hydrated form of HEMA. Loaddeflection curves were generated for the HEMA percentages tested, as shown in Figure 9.
The results calculated from testing were the energy absorbed, stiffness of the samples and
deflection at the interface. The results from the experimental test served for validation of
the FE model and are described in Chapter 4.
The results obtained showed that as the HEMA percentage increases, stiffness of
the sample reduces, displacement increases and the energy absorbed increases. The dry
samples behave exactly opposite.

Figure 9: Load-deflection curve from static testing of structure sample
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3.2.2 Experimental Testing – Impact Load

To obtain the energy absorbed at break under dynamic conditions, which is the
work done until break occurs, the experimental configuration shown in Figure 10 was
used. The experiments was conducted by Balasubramaniam (2003). Two spherical steel
balls supported on wires, held at a particular height using electromagnets, are released at
the same time to impact the steel rods of the specimen. The position of the specimen is
adjusted so that the specimen is co-planar with the balls. The procedure was repeated
several times, with eight to ten specimens, and the drop height, causing specimen failure,
was recorded. This height was used to calculate the energy, required to fail the specimen,
according to equation 1.

E = 2mgh

(1)

where;
m = mass of each spherical ball
g = acceleration due to gravity
h = height from which spherical balls are released to fail the specimen
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Figure 10: Impact loading experimental configuration

3.3

Finite Element Analysis – Static Load

FE analysis was performed on the structure sample shown in Figure 8. Table 1
shows the FE codes used for the static analysis. Making use of symmetries in the
structure specimen, a quarter model of the structure sample was created as the FE model,
as shown in Figure 11. This is beneficial compared to running a full model analysis in
the fact that very high mesh density can be used at the interface while saving on time and
memory.
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Radius:
Steel = 0.25”
HEMA = 0.33”
BC = 0.5”

1“

0.6“

0.65“

Figure 11: Quarter model used for Static FE analysis

The model was meshed using eight node brick elements with a very high mesh
density at the interface. The FE model contained over 100,000 elements. Figure 12
shows the FE model developed and the mesh at the interface HEMA layer. The boundary
conditions and constraints were applied to the model so as to not produce any extraneous
loads and also to simulate the conditions present during the experimental testing. Since a
quarter section is used for the analysis, constraints were applied at the faces of symmetry.
The base of bone cement is constrained in the Z direction. The YZ and the XZ faces of
symmetry are constrained in the X and Y directions respectively.

28

The analysis is conducted for HEMA percentages of 0,5,10,15,20,30,40,50 and
60.

Also analyzed are the wet and dry configurations.

To capture the non-linear

behavior of HEMA, a stress-strain curve is input in MSC/PATRAN. FE analysis is also
performed with bone cement at the interface instead of HEMA and subjected to the same
loads. The results from the analysis are shown in Chapter 4 and discussed in Chapter 5.

Figure 12: Meshed FE model and mesh at the interface

3.4

Finite Element Analysis – Dynamic Load

Table 1 shows the FE codes used for the dynamic analysis. In development of the
FE model under dynamic load, the symmetries in the structure sample are made use of.
In case of the dynamic analysis, the half model is appropriate for the analysis.
LSDYNA-3D has many built-in material models.
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The model used for this

analysis is “Material Number 24”, Piecewise Linear Plasticity. This is an elasto-plastic
material where a stress versus strain curve can be defined. Also, failure based on a
plastic strain can be defined. The inputs to this model are the following:
1. Density
2. Young’s Modulus
3. Poisson’s Ratio
4. Failure Strain
5. Stress vs. Strain Curve
The model is meshed with a very high mesh density at the interface to capture the
progressive failure of the HEMA layer. Solid elements are used and the mesh has over
200,000 elements. When the strain in the elements defining the HEMA layer, due to
application of the load, reaches the failure strain, the elements are “deleted”. Once one
element is deleted, the remaining elements take up the load, so that the load per element
increases. The next element that first reaches the failure strain gets deleted again. This
process is called progressive failure of the material. Figure 13 shows the model used for
the dynamic analysis. Figure 14 shows the meshed FE model and also the mesh at the
interface.
Dynamic loads are defined as loads that vary over time. Two types of dynamic
loads and constraints are applied to the dynamic model. In the first case, the steel rod is
fixed at the top and all the other nodes are given a velocity in the positive Z direction.
This model imparts the ideal load at the interface since there is not a presence of any
extraneous (non-interfacial) loads and the interface is loaded completely. In the second
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case, a cyclic load is applied to the top of the steel rod. This cyclic load simulates the
loading vs. time during walking. The base of bone cement is in the X-Y plane and is
constrained in the Z direction. The result for both the cases are shown in Chapter 4 and
discussed in Chapter 5.

Steel Radius = 0.25”
HEMA Radius = 0.33”
Bone Cement Rad = 0.5”

1”
0.6”

Figure 13: FE model for dynamic analysis
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Figure 14: Meshed FE Model – Dynamic Analysis
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3.5

Finite Element Model Validation

Before the static and dynamic analyses were performed, the FE models for static
and for dynamic loads were validated. Validation was performed using a two-step
approach. Results from the model validation are shown in Chapter 4.

3.5.1 Validation Step 1

In this step of the validation, displacement results from the FE model have been
compared to calculations using Equation 2. This equation calculates the displacement at
any radius, R1, for pull-out from an elastic shear layer bonded for a rigid casing. The
displacement decreases as the radius increases, becoming equal to zero at the biggest
radius, R. Figure 15 shows the configuration for a pull-out test. Note that the outer
surface is constrained.

Steel

F

Bone Cement
R1
R

H

Figure 15: Pull-out test
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D=

F x ln (R1/R)
2xπxGxh

(2)

where;
D = Displacement at radius; R1
R1 = Radius within bone cement
R = Outside radius of bone cement
F = Force applied
H = Height of bone cement

For static analysis, the FE model shown in Figure 12 was used and evaluated in
MSC/NASTRAN.

A tensile load of 200 lbs was applied at the top of the rod.

Displacements were post-processed for the elements at different radii, which were
compared to the calculated displacements.
For the dynamic analysis, the FE model shown in Figure 13 was used and
evaluated in LSDYNA-3D. A quasi-static analysis was performed, in which a load of
200lbs was applied suddenly and maintained over a long duration. The load-curve card
archived in the software was used.
For both the types of analyses, calculated displacement results were within five
percent of those from the FE analysis and will be presented in Chapter 4.
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3.5.2 Validation Step 2

For both static and dynamic model validation, results from the FE model with
constraints simulating the actual test specimen were compared to experimental data,
reported by Aggarwal (2001) and Balasubramaniam (2003).
In case of the static FE model, experimental data provide the stiffness of the
structure specimen, the energy absorbed and the displacement. The load was varied from
100 – 500 lbs for both the FE analysis and the experimental tests, and analysis was also
applied for dry as well as wet HEMA. The results compare very well for both the
experimental and analytical benchmarks, and are presented in Chapter 4.
For the dynamic FE model, energy absorbed in the experimental analysis is
calculated using the height of the spherical balls from which the specimen fails. In the
FE analysis, the energy absorbed (initial kinetic energy less the rebound energy) is also
the energy at which HEMA fails. The main purpose here is to verify the material
behavior under impact, imparted by a velocity of 140 in/sec.

Experiments were

performed for HEMA percentages of 0,20 and 40. The FE analysis was conducted for
HEMA percentages from 0 to 60. The results show very similar trends of material
behavior under an impact load and are presented in Chapter 4.
For a completely elastic structure (a single steel rod only), when a steel ball
impacts the steel rod, there should not be any energy loss in the system, i.e. the rebound
kinetic energy should equal the incident kinetic energy. This situation was simulated by
Balasubramaniam (2003). During impact, the energy is purely kinetic and the ball should
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rebound with the same velocity as before the impact. The impact of the velocity before
and after the impact was computed and the maximum loss of energy was computed as
3.22 percent. This validates the impact analysis capability of LSDYNA 3-D.

3.6
1.

Formulas Used For Static Analysis Computations

Stiffness of Structure Sample
The structure sample is made up of three different materials, which behave

differently under the load applied. Therefore the structure sample is considered a spring
and its stiffness calculated according to the formula,

Stiffness =

P
∆L

P is the load and ∆L is computed from the intercept of tangent to the load-deflection
curve.
2.

Energy Absorbed by Structure Sample
This is the energy absorbed by the structure sample. It is computed by calculating

the area under the load-deflection curve.
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CHAPTER FOUR: RESULTS
This Chapter details the results obtained from the finite element model validation,
static analysis and dynamic analysis. The results are discussed in Chapter 5.

4.1

Finite Element Model Validation

The results for both the static and dynamic finite element model validation are
shown in this section. The first and third sub-sections show the validation step 1 for
static and dynamic analyses respectively. The second and the fourth sub-section show
the validation step 2 for static and dynamic analyses respectively.

4.1.1 Validation Step 1 – Static Load

Table 3 shows the calculated displacement values and those from the FE analysis
described in the previous chapter. Also calculated is the percent error. Figure 16 shows
the plot of the values shown in Table 3.
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Table 3: Displacement – calculated vs. FE analysis – static load

Validation at 200 lbs
0.0060
0.0050

Displacement (In)

0.0040
Displ FEA

0.0030

Displ Anal

0.0020
0.0010
0.0000
0.25

0.30

0.35

0.40

0.45

0.50

Radius (In)

Figure 16: Displacement – calculated vs. FE analysis – static load
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4.1.2 Validation Step 2 – Static Load

Figure 17 shows the comparison of displacement, stiffness of structure sample
and energy absorbed vs. HEMA percentage, at 200 lbs for dry specimen – experimental
and FEA. The experimental data are from Aggarwal (2001).
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Displacement Dry
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0.0008
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0
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FE Model Validation
Stiffness Dry
350000
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300000
250000
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150000
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0
0
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40

% HEMA
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FE Model Validation
Energy Absorbed Dry

Energy Absorbed (lb-in)

0.2000
0.1800
0.1600
0.1400
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FE Model

0.1000

Test Specimen

0.0800
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0.0400
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0
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40

50

60

% HEMA

Figure 17: Displacement, Stiffness, Energy – static load – dry HEMA

Figure 18 shows the comparison of displacement, stiffness of structure sample
and energy absorbed vs. HEMA percentage, at 200 lbs for wet specimen – experimental
and FEA.

FE Model Validaiton
Displacement Wet
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Figure 18: Displacement, Stiffness, Energy – static load – wet HEMA
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4.1.3 Validation Step 1 – Dynamic Load

Table 4 shows the calculated displacement values and those from the FE analysis
described in the previous chapter. Also calculated is the percentage error. Figure 19
shows the plot of the values shown in Table 4.

Table 4: Displacement – calculated vs. FEA – dynamic load

Figure 19: Contour plot of displacement – calculated vs. FEA – dynamic load
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4.1.4 Validation Step 2 – Dynamic Load

Figure 20 shows the energy absorbed from the FE analysis for all the different
percentages of HEMA, for both wet and dry. Also shown are the experimental data for
HEMA percentages of 0,20 and 40, from Balasubramaniam (2003).
To compare the trends of energy absorbed, the value for HEMA percentage of 0
was subtracted from those for 20 and 40 percent, for both experimental and FE data. This
result is shown in Table 5. A negative value depicts a value lower than 0 percent. It is
clear from this comparison that wet HEMA shows similar trend for experimental and
FEA results, while dry HEMA shows a similar trend for 40 percent but not for 20
percent.
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Energy Absorbed Dry - FEA & Experim ental
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Figure 20: Energy Absorbed – Wet and Dry HEMA – experimental and FEA results
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Table 5: Trend of Energy Absorbed – Experimental and FEA Results

4.2

Static Analysis

Results from static analysis have been obtained from the FE analysis using
MSC/NASTRAN. All the percentages of HEMA were subjected to a load of 100 to 500
lbs in the FE model shown in Figure 12. The results below are shown for a load of 200
lbs for comparison purposes. In addition, bone cement was replaced with HEMA at the
interface and was subjected to the same loads.

4.2.1 Displacement

Figure 21 shows the displacement at the interface for both dry and wet HEMA as well as
for bone cement. Also shown is a normalized plot of displacement and contour plot from
the analysis.
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Displacement at 200 lbs
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50

60

Figure 21: Computed and normalized displacement with contour plot at 200 lbs

4.2.2 Max Shear Strain And Von Mises Strain

Figure 22 shows the von Mises strain and the maximum shear strain developed at
the interface at 200 lbs for static analysis. Also shown is the strain developed by bone
cement.
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Von Mises Strain at 200 lbs
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Figure 22: Computed max shear strain and von Mises strain – 200 lbs
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4.2.3 Max Shear Stress And Von Mises Stress

Figure 23 shows the stresses developed at the interface with HEMA and with
bone cement under the same loading. Also shown are the normalized plots for both von
Mises and max shear stresses. The results show that the interfacial stress is reduced as
HEMA percentage for wet specimens and is much lower than the computed value for the
case in which bone cement is present at the interface.
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Max Shear Stress at 200 lbs
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Figure 23: Computed max shear stress and von Mises stress – 200 lbs

51

4.2.4 Von Mises Stress Along The Interface

Figure 24 shows the computed stress along the length of the interface. The von
Mises stress is plotted at 200 lbs for 40 percent dry and wet HEMA, in addition to that
with bone cement at the interface.
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Von Mises Stress Along Interface at 200 lbs
0 -> Bottom; 0.6 -> Top

Length along Interface (in)
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Figure 24: Computed von Mises stress along the interface
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4.2.5 Energy Absorbed

Figure 25 shows the energy absorbed by various percentages of HEMA and also
by bone cement. The same plot was used for validation purposes by comparison to the
test results. Also shown is the normalized plot.
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Figure 25: Computed energy absorbed at 200 lbs
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4.2.6 Stiffness

Figure 26 shows the stiffness of structure sample vs. percentage HEMA and also
if bone cement is attached at the interface (no HEMA layer). The same plot was used for
validation purpose by comparison with test results. Also shown is the normalized plot.
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Figure 26: Computed stiffness of structure sample – 200 lbs
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4.3

Dynamic Analysis – Impact Load

LSDYNA-3D is the solver for dynamic analysis. Computation continues until
failure and results are extracted for displacement, stresses, energy absorbed and time till
failure. In addition, computations are performed for the case of bone cement at the
interface, i.e. no HEMA layer.

4.3.1 Displacement

Figure 27 shows the displacement along the interface. The displacement results
for all the percentages for both dry and wet HEMA are shown.
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Figure 27: Computed displacement at the interface – impact load
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4.3.2 Max Shear Stress And Von Mises Stress

Figure 28 shows the maximum shear (Tresca) shear and von Mises stress, at
failure, at the interface. For bone cement, since there was no failure assumed, the value
corresponds to the stress at a time corresponding to the failure of 0 percent dry HEMA,
since it behaves close to it. Also shown are the normalized plots.
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Figure 28: Computed and normalized interfacial max shear and von Mises stress
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4.3.3 Energy Absorbed

Figure 29 shows the energy absorbed by HEMA. Also shown is the energy
absorbed if bone cement were present at the interface (i.e. no HEMA layer).
normalized results are shown as well.
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Figure 29: Computed energy absorbed

4.3.4 Time Taken Until Failure

Figure 30 shows the time taken by different percentages of HEMA to reach
failure under impact.
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Figure 30: Time taken until failure under impact load

4.4

Dynamic Analysis – Cyclic Load Under Normal Human Gait

After analyzing the co-polymer layer under impact loading, it is beneficial to
assess how the co-polymer will perform if it is subjected to loads typically experienced
while walking. The following pages describe results obtained from such an evaluation.
The details regarding the finite element model are discussed in the previous chapter.
Much research has been conducted to evaluate the force experienced while
walking.

Models have been generated and their results have been compared with

experiments to determine such reaction forces. Table 6 shows the shows the load vs.
time on the right leg during walking (Nakhla S.S., King A.I.; Biomechanics Symposium,
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1985). In the study, human gait was successfully generated using computer model and
was validated using experimental data. The computed ground reaction forces was used as
an input in this study. Figure 31 shows the values of same.

Table 6: Load experienced by right leg during walking vs. time

Reaction Force While Walking (Right)
1000

Force (N)

800
600

Load Curve

400
200
0
0.00

0.10

0.20

0.30

0.40

0.50

Tim e (sec)

Figure 31: Plot of computed force vs. time during walking (right leg)
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The above data was input into LSDYNA-3D as the dynamic load. The above plot
represents one cycle. The FE model was allowed to run for different cycles until failure
was achieved. Table 7 shows the number of cycles the model was subjected to until
failure. The materials evaluated were both wet and dry HEMA, for 0, 20, 40 and 60
percent.

Table 7: Number of cycles the model was allowed to run till failure

4.4.1 Number of Cycles Until Failure

Table 8 shows the data for number of cycles to failure for 0,20,40 and 60 percent
and also for dry and wet. Table 9 shows the normalized values for cycles to failure.
Figure 32 shows the number of cycles to failure vs. HEMA percentage and also
the normalized plot. The failure properties of bone cement were not available, hence it
was not subjected to the analysis. However, from the dynamic analysis under impact,
bone cement behaves similar to 0 percent dry HEMA. Results from the impact loading
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show that the values of bone cement are approximately half the values of 0 percent dry
HEMA. This scale is used to compute the values for bone cement under cyclic loading.
The failure occurs at higher cycles instead of lower number of cycles. The reason
is that the strain builds up in the HEMA layer until the failure strain is reached. After this
strain is reached, failure at the interface occurs.

Table 8: Number of cycles to failure vs. HEMA percentage

Table 9: Normalized number of cycles to failure vs. HEMA percentage
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Figure 32: Cycles to failure and normalized values vs. HEMA percentage
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4.4.2 Energy Absorbed

Figure 33 shows energy absorbed vs. number of cycles. Table 10 shows the
energy absorbed at failure for different percentages of dry and wet HEMA and also for
bone cement. Table 11 shows the normalized data. Figure 34 shows the energy absorbed
vs. HEMA percentage.
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Figure 33: Energy absorbed vs. number of cycles – cyclic load
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Table 10: Energy absorbed vs. HEMA percentage

Table 11: Normalized energy absorbed vs. HEMA percentage
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Figure 34: Plot of energy absorbed and normalized values vs. HEMA percentage

The above results show that wet HEMA shows a higher energy absorption
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compared to dry HEMA and bone cement. This is an apparent advantage of adding
HEMA, assuming the environment in-vivo is wet.

4.4.3 Life Calculation

The life is calculated based on number of cycles to failure. It is known from the
study that one cycle of walking (one leg) is 0.5 sec. Assuming that a person walks 500
steps (cycles) a day times 365 would give the number of cycles per year. This was
divided by the cycles to failure to get the results shown in Table 12.
It is clear from the results that increasing the HEMA percentage in the co-polymer
has potential in improving the life if applied at the implant – bone cement interface.

Table 12: Life vs. HEMA percentage
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4.4.4 Progressive Failure At Interface

Figure 35 shows the progressive failure at the interface under cyclic loading.
Figure shows four time steps during the cycle for 40 percent wet HEMA. In the first and
the second picture, the FE model is undergoing the cyclic loading. The third picture is
captured shortly after the failure process has started. The elements may be observed
failing as the cycle progresses. The last cycle shows further progression of failure of
HEMA.
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1
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Failure of Elements

Figure 35: Progressive failure of 40 percent wet HEMA
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CHAPTER FIVE: DISCUSSION OF RESULTS

5.1

Overview Of Results

The static FE model has been successfully validated.

All results from the

experimental results matched FE analysis results.
Dynamic FE model validation has been completed with good results. The trends
from the experimental results matched very well. Out of five results, four matched
perfectly.
Static analysis shows that increasing the percentage of HEMA and soaking the
samples helps in improving the properties at the interface by reducing the stiffness,
increasing the energy absorbed and making the interface more “plastic”. These features
are demonstrated by an increase in displacement and by reduction of stresses at the
interface. It appears that HEMA assists in distributing the stresses uniformly over the
length of the interface. From the static analysis results, 40 percent wet HEMA shows the
best properties.
Dynamic analysis with impact shows very good results that further confirm the
claim that increasing the HEMA percentage up to 40 percent in the co-polymer for wet
samples promotes durability in orthopaedic implants.
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The plot of displacement at the interface shows wet HEMA accommodates micromotions under impact loading better than dry HEMA. Under impact loading HEMA acts
as a “damper”.
Regarding stresses, increasing the percentage of wet HEMA reduces the stresses
at the interface compared to dry HEMA. The energy absorbed plots show a higher
absorption by 0 percent for both dry and wet HEMA, than the co-polymer with increased
HEMA percentages. However, 60 percent wet HEMA shows a higher energy absorbed
than 60 percent dry. It also takes a longer time to reach failure compared to the copolymer with other percentages of HEMA. Also it has the lowest displacement compared
to other percentages.
However, increasing the percentage of HEMA does not lead to an improved
capability to absorb impact loading, as shown by the energy absorbed. The reason could
be that the velocities encountered are high and materials with increased HEMA
percentages are not able to sustain the loads. This may explain why they fail at almost
identical times while having slight variations in the energy absorbed. The 0 percent
HEMA case shows better strength at higher loads but fails quickly. Stresses for dry
HEMA after 30% become higher than those for bone cement. This result could be related
to difficulty in measuring the material properties of softer materials which result as
HEMA percentage is increased in the co-polymer.
Dynamic analysis with transient loads encountered during walking show very
promising results for using materials with higher percentages of HEMA and water
saturation. Computations indicate that increasing the percentage of HEMA increases the
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energy absorbed. The loads applied in this analysis are realistic and the results indicate
that 60 percent wet HEMA is very promising interfacial material. Also of interest is that
60 percent wet HEMA takes longer to fail under this type of loading.
The life in years obtained from the analysis should be viewed as a tool for
assessing the improvement in using HEMA compared to what is now available. Since
the dimensions of an actual implant are very different from the model used here, the
actual life numbers should not be applied directly to the patient. However, it does prove
that increasing the percentage of HEMA improves the strength of the interface between
steel and bone cement.

5.2

Static Validation

Step 1 of validation shows the consistency between results from the FE model and
hand calculations. For step 2, results (especially trends) are consistent for both the dry
and wet percentages of HEMA. Table 13 summarizes the results from the validation.
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Table 13: Summary of static validation results
Result
Displacement
Energy
Absorbed
Stiffness

Dry
Test Specimen
Reduces with
increase
in
HEMA %
Reduces with
increase
in
HEMA %
Increase with
increase
in
HEMA %

5.3

Dry
FE Analysis
Reduces with
increase
in
HEMA %
Reduces with
increase
in
HEMA %
Increase with
increase
in
HEMA %

Wet
Test Specimen
Increase with
increase
in
HEMA %
Increase with
increase
in
HEMA %
Reduces with
increase
in
HEMA %

Wet
FE Analysis
Increase with
increase
in
HEMA %
Increase with
increase
in
HEMA %
Reduces with
increase
in
HEMA %

Dynamic Validation

Step 1 of validation shows the consistency between results from the FE model and
hand calculations. For step 2, results show consistency in the trend of energy absorbed
for both the dry and wet test specimen. Table 14 summarizes the results from the
validation.
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Table 14: Summary of dynamic validation results
Result
Energy
Absorbed

Dry
Experiment
0% higher than
60 %
0% dry higher
than 0% wet
Increase until
20% and then
decreases with
increase
in
HEMA %
0% lower than
20%

Dry
FE Analysis
0% higher than
60 %
0% dry higher
than 0% wet
Increase until
20% and then
decreases with
increase
in
HEMA %
0% higher than
20%

5.4

Wet
Experiment
0% higher than
20%
0% higher than
60%
Decreases until
20% and then
increases with
increase
in
HEMA %
20% lower than
60%

Wet
FE Analysis
0% higher than
20%
0% higher than
60%
Decreases until
20% and then
increases with
increase
in
HEMA %
20% lower than
60%

Static Analysis

Table 15: Summary of static analysis results
Result
Displacement

Dry HEMA
Decreases
HEMA%.

with

Wet HEMA
increased Increases
HEMA%.

Displacement close to
cement’s for 0% and 60%.

with

increased

bone 40% to 60% average increase of 5
times to dry and bone cement.

Similar to wet until 20% and then Similar to dry till 20% and then
decreases as HEMA % increases. increases as HEMA % increases.
Strain –
Decreases
with
increased Increases with increased HEMA%
von Mises and HEMA%
Max. Shear
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Increases
with
increased
Stress –
von Mises and HEMA%.
Max Shear
Similar to bone cement at lower
and higher HEMA %s.

Decreases
HEMA%.

with

increased

Average 70% reduction in stress
compared to dry and bone cement
at higher HEMA%.

Similar to wet until 20% and then Similar to dry till 20% and then
increases with increased HEMA% reduces with increased HEMA%
Effective stress along interface Effective stress along interface
maximum at bottom of FE model maximum at bottom of FE model
for wet and bone cement.
for dry and bone cement.
Effective stress 51% higher than Effective stress 67% lower than
wet but 15% lower than bone bone cement and 51% lower than
dry
cement.

Energy
Absorbed

Structure
Sample
Stiffness

Uniform stress distribution along
interface.
Energy absorbed close to bone Absorbs 6 times more energy than
cement’s for 0% and 60%.
dry and bone cement at higher
HEMA%
Similar to wet till 20% and then
reduces with increase in HEMA%
Close to bone cement for 0% and
60%.

Similar to dry till 20% and then
increases as HEMA% increases.
Average reduction of 70% at
higher HEMA%.

Similar to wet until 20% and then Similar to dry until 20% and then
decreases with increase in increases as HEMA% increases.
HEMA%
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5.5

Dynamic Analysis – Impact Load

Table 16: Summary of dynamic analysis results – impact load
Result
Displacement

Dry HEMA
Increases with
HEMA%.

increase

Wet HEMA
in Increases till 40%
decreases till 60%

and

then

Similar to wet until 20% HEMA Similar to dry until 20% HEMA
and then increases with increase and then increases until 40% and
in HEMA%
then decreases until 60%.
Value always lower than that for
dry for increased HEMA %s.
On an average, 30% lower than
dry.
Stress –
High values for 0%. Decreases Half the value for 0% compared
von Mises and until 30% and then increases back to dry. Stress decreases with an
Max Shear
up to initial value till 60%
increase in HEMA%.
Average 4 times reduction in
stress for 40% to 60% compared
to dry and bone cement.
Time to Reach
On an average shows more time
Failure
to reach failure for all HEMA%s
compared to dry. 60% shows
highest time to reach failure, more
than dry by 2.5 times.
Energy
0% higher than 0% wet, 20% dry 0% higher than 20% wet, 40%
Absorbed
and 60% dry.
wet and 60% wet.
40% dry higher than 0% dry
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60% wet higher than 60% dry and
20% wet

5.6

Dynamic Analysis – Cyclic Load

Table 17: Summary of dynamic analysis results – cyclic load

Result
Cycles
Failure

Dry HEMA
to 0% dry higher than 0% wet

Wet HEMA
20%, 40% and 60% higher for wet
than corresponding dry.

Decreases until 20% and increases Increases with increase in
slightly until 60%.
HEMA% with 60% taking the
longest time to reach failure.

Energy
Absorbed

Decreases
HEMA%.

with

increase

60% wet HEMA takes 13%
longer until failure compared to
60% dry HEMA.
in Increases with increase in
HEMA%.

0% higher than corresponding wet On an average, two times the
energy absorbed compared to dry
and bone cement.

Life of HEMA

Similar to energy absorbed by
bone cement as HEMA %
increases.
Decreases until 20% and then Increases with an increase in
increases slightly for 60%
HEMA%.
Slightly higher life than 0% wet.

Life higher than dry by 15%
Life higher than bone cement by
30%

80

CHAPTER SIX: CONCLUSION

6.1

Current Study

HEMA percentage plays a vital role in the co-polymer. In addition , the hydration
of HEMA is also important. Both these factors greatly influence the strength of the steelHEMA-bone cement system.
From static analysis, the computed stress distribution shows that by increasing the
HEMA percentage the peak stresses along the interface decrease and their distribution is
more nearly uniform.

Computed displacement, energy absorbed and stiffness show

promising results as the percentage of HEMA increases. Experiments conducted by
Aggarwal (2001) showed that coating the co-polymer on the steel rod decreased the
breaking strength of the structure specimen. Tests were also conducted with silane
coated steel rods, in addition to the HEMA layer, and showed an increase in the breaking
load of structure sample.
Results from the dynamic analysis under impact loading, show that 0 percent
HEMA absorbs higher energy than higher percentages of HEMA. For dry HEMA the
energy absorbed reduces with an increase in HEMA percentage. Wet HEMA shows the
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same trend till 40 percent HEMA and increases from there until 60 percent. The time to
failure by 60 percent HEMA is higher than for 0 percent HEMA. Displacement results
show that HEMA acts as a “damper” under impact loading conditions and has the
capability to accommodate micro-motions.

Stresses at the interface reduce as the

HEMA percentage increases.
From the dynamic analysis under cyclic loading, it appears that increasing the
HEMA percentage improves life and number of cycles to failure compared to bone
cement (i.e. no HEMA layer). Wet HEMA shows a higher life and more number of
cycles to failure than dry HEMA.

As the percentage of HEMA increases, energy

absorbed by wet HEMA increases while it decreases for dry HEMA.
Hence, it can be concluded from this study that a valid finite element model has
been developed. Increasing the HEMA percentage improves the strength and life of the
interface between steel and bone cement. Wet HEMA behaves better than both dry
HEMA and bone cement (i.e. no HEMA layer) under same loading conditions. This is an
apparent advantage of adding HEMA, assuming the environment in-vivo is wet. The
indication that stress at the interface decreases with an increase in HEMA percentage is
an important results, since interface loosening is believed to be a consequence of peak
stresses developed at the interface.

However the issue of low breaking strength

associated with an increase in HEMA percentage must be addressed by application of
silane coating to the steel stem of the implant, in addition to pre-coating the stem with a
HEMA percent of 40 or higher.
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6.2

Benefit To Biomaterials And Biomechanics Industry

Application of higher percentages of HEMA at the bone-implant interface,
compared to using bone cement with no coating on the steel stem, may lead to an
improvement in its strength and durability.

Higher energy absorption, damping

micromotions, reduction of stiffness, reduction of stresses and their uniform distribution
over the length of interface and improvement in life are some of the major benefits
indicated for this material.

6.3

Future Work

This detailed study can be used as a stepping stone for further research and
development in improving the life of the cemented total hip replacements. Through the
analyses and experiments described in this study, the material behavior of HEMA has
been validated.
Further contributions can be made by analyzing this material under real-life
applications. Experimental testing, though highly beneficial, can be very expensive and
time consuming. Studies have been conducted on cemented implants. A finite element
model should be developed that simulates these testing conditions and once the model is
validated, further analysis should be conducted.
A finite element model, input to LSDYNA 3-D, of a crash-test dummy is shown
in Figure 36. Testing has been performed on crash-test dummies and their results may be
83

used for validating the model. Once validated, different loading conditions near the hip
area can be simulated. The material properties can be changed so as to apply bone
cement (i.e. no HEMA layer) and then HEMA, at the interface.
Figure 37 shows the area of the hip for this model. The model does not have
detail similar to an actual hip joint. Instead there are concentric cylindrical pieces, in
between which HEMA may be introduced. Loading can be applied either at the bottom
of the hip to simulate a fall or a load-curve could be defined at the bottom of the foot to
simulate either walking or impact load.
It would be of interest in the modeling to introduce a coefficient of friction
applied at the interface. The study here assumes that there is a perfect contact between at
the interface until the element fails, however the actual conditions at the interface involve
slippage and can be modeled “more realistically” by introducing friction.
Another contribution could be made by using cumulative damage material models
at the interface. Very preliminary studies have been conducted and it is hypothesized that
the mode of failure at the interface is damage. LSDYNA has two damage materials that
can be used, and will definitely be beneficial if applied in the FE model shown in Figures
36 and 37. For example, cumulative damage models track void nucleation, growth and
coalescence as a precursor to fracture.
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Figure 36: FE model of crash-test dummy
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Figure 37: FE model of the hip in the crash-test dummy
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After the analysis, post-processing and visualization can be performed using
VRML. LSDYNA has the capability of creating virtual reality models. This may be
very beneficial in further understanding the complicated failure mechanism of biostructures.
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